We optimize the wavelength tuning range of a Vertical-Cavity Surface-Emitting Laser with an intracavity layer of nematic Liquid Crystal (LC-VCSEL) lasing around 1.3 μm. The tunability is obtained by applying voltage to the liquid crystal layer, which esentially is to vary the refractive index from the extraordinary to the ordinary. We achieve 71.6 nm continuous tuning (without mode hopping) with liquid crystal thickness of about 3.2 μm. We investigate the impact of ambient temperature on the LC-VCSEL tuning range and show that mode-hop tuning can be achieved in the temperature range from −10 • C to 50 • C where the LC is in nematic phase.
Introduction
Tunable semiconductor lasers operating in the wavelength region around 1310 nm and 1550 nm are of great interest for various applications, such as biological and gas sensing [1, 2] , spectroscopy [3] , tomography [4] or telecommunications [5] [6] [7] [8] . Many groups have demonstrated wavelength tuning of electrical or optically pumped VCSEL combined with Micro-ElectroMechanical-System (MEMS) technology, using a moving membrane like a mirror to change the optical cavity length and hence provide wavelength tuning. MEMS movable reflector are typically cantilever or membrane structures using high contrast gratings or DBRs and are actuated by electrostatic, electrothermal or piezo-electric forces.
MEMS-VCSEL, in which the top DBR comprises a micromachined cantilever (c-VCSEL), was first demonstrated in 1995 in [9] . Wavelength tuning range (TR) of 15 nm was achieved for a voltage of 5.7 V. In 1999, a tunable 1.55 μm VCSEL with a 50 nm TR was developed [10] . The device top membrane with a curved mirror is pulled down by electrostatic force, when applying voltage from 0 to 39 V between the top membrane and the bottom mirror. In 2002, a wafer-fused optically pumped tunable VCSEL with output power up to 1 mW at 1.55-μm and 38 nm TR for a voltage change of 4 V was reported [11] . In 2004, the same group achieved an output power of 2 mW reducing the TR to 32 nm for a voltage below 4 V [12] . TR is further increased to 150 nm in optically pumped MEMS-VCSEL around 1.3 μm in 2012 [13] .
For the first time, an electrically pumped tunable MEMS-VCSEL with a TR of 40 nm and a maximum output power of 100 μW was developed in 2004 [14] . The VCSEL is based on a two-chip concept, where the movable mirror membrane is fabricated on a separate chip, avoiding compromise between MEMS and VCSEL designs. Using a similar device, the same group improved the output power up to 1.7 mW by reducing the top mirror reflectivity, but reduced the TR till 28 nm [15] . The TR is significantly increased to 60 nm in 2006 [15] and to 76 nm in 2009 [16] using an antireflection coatings. The upper MEMS mirror is a SiO 2 -SiN concave DBR which can be actuated electrothermally. The maximum output power measured is 1.31 mW. A high performance electrically pumped single-mode MEMS tunable VCSEL with a TR of 102 nm with a maximum output power of 3.2 mW was developed in 2011 [17] . The technology used is based on low temperature plasma enhanced chemical vapor deposition without wafer-bonding or wafer-gluing and is not restricted to 1.55 μm only. The SiO x -SiN y based movable top DBR is a membrane, which is suspended on four flexible beams. When the current flows through the metallization of the top mirror membrane, the beams of the membrane are expanded, increasing the air-gap cavity length. The largest TR of 140 nm for electrically pumped MEMS-VCSEL was reported in 2014 [18] . The tunable VCSEL is based on the same structure as in [17] however, with high refractive index contrast SiO 2 /SiC layers movable DBR that broadens the spectral width of the reflectivity and increases the TR.
Despite the excellent and large TR, MEMS tunable VCSELs suffer from a rather complex technological process, and the separate MEMS are sensitive to mechanical vibrations. Another way to obtain wavelength tuning in VCSELs is to change its refractive index, using LC as an electro-optic material located in the cavity, forming a device without any movable part. Because of these impressive achievements, question arises if the TR of intracavity LC-VCSEL can be further increased, especially for structures that allow for electrical pumping. We answer this question here, by carrying out an optimization of an LC-VCSEL lasing around 1.31 μm and achieve a TR of 71.6 nm. Furthermore, we investigate the impact of temperature on the TR and show that mode-hop free TR can be maintained from −10 • C to 50 • C for LC thickness of 2.7 μm on the expense of decreasing the TR from 77.2 nm at −10 • C to 38.2 nm at 50 • C.
Device structure
In Fig. 1 a schematic cross section of the tunable LC-VCSEL is shown, with the LC placed in-between a Half VCSEL (bottom DBR and Active Region) and a top DBR.
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(6) Our structure is based on [27], where a wafer-fusion VCSEL has been optimized for low threshold current and wide stop-band of more than 100 nm. The bottom DBR consists of 35 pairs of nid GaAs/Al 0.9 Ga 0.1 As. The bottom DBR is wafer-fused to a 5/2λ cavity grown on an InP substrate. The active region consists of six compressively strained AlGaInAs QWs with seven tensile strained barriers of AlGaInAs. The p-doped AlInAs layer acts as a current blocking layer and is followed by a buried highly doped P+ N+ tunnel junction. On top of the N-InP spacer we place the LC layer sandwiched between two alignment layers of azo dye SD1 [28] . The top DBR consists of N top = 25 pairs of nid-GaAs/Al 0.9 Ga 0.1 As and 1 pair of n-doped (N = 5 · 10 18 cm −3 ) GaAs/Al 0.9 Ga 0.1 As. We also study the cases with N top = 20 and N top = 16. Finally, two intracavity highly doped contact layers achieve a proper electrical injection. The doped layer in the top DBR acts as a third intracavity contact, which is used to apply a voltage to the LC. The detailed description of the LC-VCSEL structure is presented in Table 1 . The current is uniformly distributed thanks to N-doped InP layers (1) and (2) before injection into the cavity starting with the nid InP layer (3). The layers (4) and (7) (P-AlInAs and N-InP, respectively) are spacers to adjust the tunnel junction. A uniform current injection is necessary for avoiding any filamentation of the lasing mode, which is why the current injected into the tunnel junction is spread by the N-doped spreading layers (8) and (9). Layers (1) and (9) are much thicker than the rest of the layers and are used for fine tuning the cavity thickness for the emission wavelength. In our device the tunnel junction consists of two AlGaInAs layers of 15 nm; the first one is N-type doped (N = 5 · 10 19 cm −3 ) and the second is P-type doped (P = 5 · 10 19 cm −3 ). We implement a nematic E7 LC placed between the layer (9) and the top DBR. The layer of the top DBR in contact with the LC is highly-doped and it is the cathode contact to apply the voltage to the LC. Alignment layers are required on both sides of the LC to control the orientation of its molecules. When a voltage is applied to the LC, its molecules tilt from a planar to a nearly homeotropic orientation which means that the refractive index goes from the extraordinary to the ordinary, and the laser emission wavelength of the LC-VCSEL decreases.
Theoretical results
Our procedure of optimizing the LC-VCSEL for large TR is based on the transfer matrix method [24, 29] to find the resonant wavelengths and the corresponding threshold gains. Three different variables of our structure are varied: the LC thickness, the number of pairs in the top DBR and the transition from the extraordinary refractive index (n e ) to the ordinary refractive index (n o ) of the LC when voltage is applied. This transition will determine the tuning spectra of our LC-VCSEL. The refractive indices for light traveling along Z axis and linearly polarized along the X and Y axes are determined by [24] n x = n o ,
where θ is the angle at which the molecules are aligned with respect to the z axis. We carry out the optimization procedure by performing a sweep of the LC thickness, with fixed number of DBR and refractive index of the LC, either the ordinary or the extraordinary (n o or n e ). Figure  2 shows the evolution of the lowest threshold gain mode and the corresponding resonance wavelength, with the thickness of the LC. The number of pairs of the top DBR is fixed to 25. The period of the solid blue curve for the ordinary refractive index (n o =1.5036) is 440 nm and for the dashed red line for extraordinary refractive index (n e =1.6899) is 387 nm, which correspond to half of the optical wavelength of λ 0 = 1.31μm (n o L o ≈ n e L e ≈ λ 0 /2). Due to the fact that the two periods are different, there is a situation when the peaks for the n o and n e refractive indices coincide (e.g. at L ≈ 3.3 μm and L ≈ 6.6 μm). This modulation is better seen in Fig.  3 where the differences between the two curves from Fig. 2 are shown. The periodicity of the envelope of the modulation in Fig. 3 corresponds to L = 3.51 μm, which is given approximately by L ≈ λ /(2( n e -n o )). From Fig. 3 is clearly seen that the maximum mode-hop free TR of about 71.6 nm occurs when the LC thickness is around 3.2 μm. A comparison of the three threshold gains corresponding to the maximum TR as a function of the LC refractive index for different numbers of top DBR (25, 20 and 16) can be seen in Fig.  4(a) . The TR as a function of the LC refractive index for the three different cases is shown in Fig. 4(b) . As can be seen, the lowest threshold gain with the largest TR is achieved with N top = 25 pairs. Quite importantly, the TR is not strongly impacted by the reflectivity of the top mirror, remaining approximately around 72 nm. 
where (2), we obtain the refractive indices for E7 at 45 • C, n o = 1.5059 and n e = 1.6621. Knowing the refractive indices for 25 • C and 45 • C, the thermooptic coefficients can be easily obtained using Eq. (3) (β e = -1.835·10 −3 and β o = 1.15·10 −4 ). In such way, the refractive indices for different temperatures can be calculated from:
From Fig. 3 it can be seen that the maximum TR occurs when the thickness of the LC is around 3.2 μm. To study the temperature effect on the wavelength tuning, we take this thickness and check the TR from −10 • C to 50 • C. Figure 5 shows In the calculation method employed so far the internal heating of the VCSEL by the injection current has not been taken into account. Question therefore arises if this heating can prevent the wavelength tuning when electro-optically changing the LC refractive index. In order to answer this question, we have carried out 3D calculation of the LC-VCSEL system that accounts self-consistently for the injection current distribution, generated temperature distribution, its impact on the gain and the resonant optical mode at the lasing threshold [32] [33] [34] . The model was already used in simulations of similar structures and revealed very good agreements with experiment [35] . Example of such calculations for LC thickness of 2.315 μm is presented in Fig. 6 , where the top panel presents the resonant wavelength, the middle panel the thresholds gain and the bottom panel the temperature rise in the LC above the ambient temperature as a function of LC refractive index. As can be seen from Fig. 6(a) , the wavelength tuning properties of the LC-VCSEL are reproduced well by these self-consistent calculations revealing threshold gain change with LC refractive index (Fig. 6(b) ), similar to the one in Fig. 4(a) obtained by the simple 1D optical solver. Quite importantly, the self-consistent LC-VCSEL model reveals that the temperature rise in the LC layer is only about 10 • C for a current of 6.43 mA (Fig. 6(c) ) and can not therefore impact severely the wavelength tuning properties of LC-VCSEL system. Finally, Fig. 7 shows an example of temperature distribution in a vertical cross-section of the LC-VCSEL. In the intracavity contacted VCSEL considered here, heat is generated close to the active region and is mostly vertically transferred to the bottom DBR and the substrate and spread laterally in the semiconductor material.
Conclusion
An optimization has been carried out to achieve the maximum wavelength tuning range (TR) of a VCSEL lasing around 1.3 μm with an intracavity nematic LC (E7). A TR of 71.6 nm at room temperature (25 • C) is obtained for a LC thickness of 3.2 μm: when the refractive index of the LC goes from the extraordinary to the ordinary the laser emission wavelength decreases from 1342.7 nm to 1271 nm. The threshold gain remains lower than 2500 cm −1 (3200 cm −1 ) in the whole TR for a top DBR with N top = 25 (20) pairs. Decreasing the top DBR reflectivity increases the threshold gain, however it does not impact the tuning range. We have also checked the impact of the ambient temperature on the tuning range. For the E7 LC studied here, the temperature range of the nematic phase is from −10 • C to 60 • C. We have shown that a modehop free TR can be maintained from −10 • C to 50 • C for LC thickness of 2.7 μm on the expense of decreasing the TR from 77.2 nm at −10 • C to 38.2 nm at 50 • C. Finally, we ascertain our findings by a 3D calculation of the LC-VCSEL system that accounts self-consistently for the injection current distribution, generated temperature distribution, its impact on the gain and the resonant optical mode at the lasing threshold.
